Microphthalmia, coloboma and persistent fetal vasculature within the vitreous cavity are among the most common human congenital ocular anomalies, and each has been associated with a variety of genetic disorders. Here we show that, in the mouse, loss of frizzled 5 (Fz5) -a putative Wnt receptor expressed in the eye field, optic cup and retina -causes all of these defects with high penetrance. In the developing Fz5 -/-eye, the sequence of defects, in order of appearance, is: increased cell death in the ventral retina, delayed and/or incomplete closure of the ventral fissure, an excess of mesenchymal cells in the vitreous cavity, an excess of retinal astrocyte precursors and mature astrocytes, and persistence of the hyaloid vasculature in association with a large number of pigment cells. Fz5 -/-mice also exhibit a late-onset progressive retinal degeneration by ~6 months of age, which might be related to the expression of Fz5 in Müller glia in the adult retina. These results demonstrate a central role for frizzled signaling in mammalian eye development and are likely to be relevant to the etiology of congenital human ocular anomalies.
INTRODUCTION
Eye development is perturbed in a wide variety of syndromic and non-syndromic disorders. Among the more common defects are microphthalmia, coloboma (congenital ocular fissure) and persistent fetal vasculature (PFV) within the vitreous cavity. Insights into the molecular origins of these ocular defects have come primarily from studies of laboratory animals, and of genetically altered mice in particular.
Microphthalmia, and its more extreme variant anophthalmia, are associated with a variety of monogenic, chromosomal and environmental causes (Verma and Fitzpatrick, 2007) . The first category includes mutations in transcription factor genes, including Pax6, Chx10 (Vsx2), Sox2 and Otx2 (Horsford et al., 2001) . A coloboma arises from incomplete closure of the ventral fissure, a transient opening in the embryonic eyecup that extends anteriorly from the future optic disc at the junction between the optic stalk and the eye. Defects in any of several transcription factors that control the development of the ventral retina and optic fissure can produce a coloboma (Gregory-Evans et al., 2004) , including Vax1 and Vax2 (Barbieri et al., 2002; Mui et al., 2005) , which are expressed in the ventral retina, and Pax2 (Favor et al., 1996) , which is expressed along the optic fissure and around the optic disc. Signaling pathways implicated in the development of the ventral retina and optic disc include the hedgehog and BMP pathways (Take-uchi et al., 2003; Morcillo et al., 2006) . Microphthalmia, coloboma and PFV are associated, either singly or in combination, with disruptions in retinoic acid signaling, resulting from vitamin A deficiency or excess (Wilson et al., 1953; Ozeki et al., 1999) , mutations in the gene encoding retinaldehyde dehydrogenase 3 (Raldh3; Aldh1a3) (Dupé et al., 2003) , or mutations in RAR and RXR receptors (Kastner et al., 1994; Kastner et al., 1997) .
The present study expands the set of signaling pathways relevant to these ocular defects by demonstrating that they can be caused by a deficiency in frizzled signaling. Integral membrane frizzled receptors, together with single-span Lrp5 and Lrp6 co-receptors, mediate canonical Wnt signaling (Gordon and Nusse, 2006) . Planar cell polarity/tissue polarity signaling requires frizzled receptors, but appears to be independent of Lrp co-receptors and Wnt ligands. A third signaling pathway, the Wnt-calcium pathway, also utilizes frizzled receptors but is less well defined. In mammals there are ten frizzled (Fz; Fzd) genes, several of which are known to play important roles in development and/or human disease: Fz3 controls axon guidance in the brain and spinal cord (Wang et al., 2002; Lyuksyutova et al., 2003; Wang et al., 2006a) ; Fz4 controls vascular development in the retina and FZ4 haploinsufficiency in humans is responsible for familial exudative vitreoretinopathy (FEVR) (Robataille et al., 2002; Xu et al., 2004) ; Fz5 is required for yolk sac and placental angiogenesis and for survival of thalamic neurons in the parafasicular nucleus (Ishikawa et al., 2001; Liu et al., 2008) ; and Fz6 controls the orientation of hair follicles and, together with Fz3, the orientation of a subset of inner-ear sensory hair cells as well as controlling neural tube closure (Guo et al., 2004; Wang et al., 2006b) .
Thus far, the only connection between frizzled function and early ocular development has come from studies of Fz5 in zebrafish and Xenopus laevis (Cavodeassi et al., 2005; Van Raay et al., 2005) . In Xenopus, Fz5 is expressed in the developing eye field where it promotes ocular cell fates. Later in development it is expressed in the optic cup, where it increases the proliferation of retinal progenitors and biases them towards adopting a neuronal rather than a glial fate. At present, the role of Fz5 in mammalian ocular development remains largely unexplored. Fz5 -/-mouse embryos die at embryonic day (E) 10, secondary to placental insufficiency (Ishikawa et al., 2001; Liu et al., 2008) , precluding the use of these mice in the analysis of ocular development (Burns et al., 2008) . In the present paper, we report the use of an Fz5 conditional loss-offunction allele that bypasses the placental defect, thereby permitting a detailed analysis of ocular phenotypes from midgestation to adulthood. We observe a variety of defects in Fz5 -/-mice, including microphthalmia, coloboma, PFV and a late retinal degeneration.
MATERIALS AND METHODS

Mice
Production, breeding and genotyping of Fz5 mutant mice were as previously described (Liu et al., 2008) .
Histochemistry and immunocytochemistry
Staining with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) or nitroblue tetrazolium/5-bromo-4-chloro-indolyl phosphate (NBT/BCIP) was performed with embryos, eyes or whole-mount retinas fixed in 4% paraformaldehyde (PFA) as described (Wang et al., 2002; Badea et al., 2003) . Vibratome sections (200 μm) were prepared from X-Gal-stained E12.5 embryonic heads, and frozen sections (20 μm) were prepared from XGal-stained eyes. NBT/BCIP-stained adult retinas were sectioned at 20 μm to visualize single cells. For anti-Pax2 immunostaining and histologic analyses of the optic disc and fissure at E13.5, E14.5 and P1, horizontal sections were prepared from Carnoy's-fixed and wax-embedded heads. For anti-Pax2 and anti-Sox2 immunostaining of E10.5 embryos, freshly frozen coronal brain sections were used.
For immunocytochemistry or Hematoxylin and Eosin staining of adult retina, mice were perfused with 4% PFA, the retina was dissected and equilibrated with 30% sucrose, and frozen sections prepared. The following primary antibodies were used: rabbit anti-calretinin (1:500, Swant, 7669/4), mouse anti-Gfap (1:500, Sigma, G3893), rabbit anti-Gfap (1:500, ICN Biomedicals, 8451F), rabbit anti-glutamic acid decarboxylase (1:300, Chemicon, AB108), mouse anti-glutamine synthetase (1:100, Chemicon, MAB302), mouse anti-Islet1 (1:300, Developmental Studies Hybridoma Bank, 39.4D5), rabbit anti-synaptophysin (1:200, Sigma, S-5468) and rabbit anti-tyrosine hydroxylase (1:200, Chemicon, AB152).
For immunostaining of the whole-mount retina, the intact eye was fixed with 4% PFA for 20 minutes at room temperature, and then the retina was dissected, post-fixed with 4% PFA for 1 hour, washed with PBS, treated with RAPI buffer [150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 50 mM Tris (pH 8.0)] for 20 minutes, and incubated with one of the following primary antibodies at 4° C overnight: rabbit antineurofilament (1:500, Chemicon, AB1987), rabbit anti-Gfap (1:500, see above), FITC-conjugated mouse anti-smooth muscle actin (1:50, Sigma, F3777), or rabbit anti-Pax2 (1:200, Covance, PRB-276P). After incubation with primary and secondary antibodies, retinas were washed five times for 10 minutes each with PBST (0.1% Triton X-100 in PBS). Staining of the retinal vasculature with isolectin GS-IB4 (Molecular Probes, 1-21413) was performed as described (Xu et al., 2004) .
In situ hybridization
RNA probe labeling and in situ hybridization were performed essentially as described (Rosen and Beddington, 1993) . Briefly, E10.5 or E12.5 embryos were fixed and bisected at the midline, washed three times for 30 minutes each with RAPI buffer, post-fixed, washed with PBS, prehybridized and then hybridized overnight at 66°C. Post-hybridization steps were carried out as described (Rosen and Beddington, 1993) . In situ probes were kindly provided by Dr Virginia E. Papaioannou of Columbia University (Tbx5), Dr Greg Lemke of the Salk Institute (Vax2) and Dr Gregg Duester of the Burnham Institute for Medical Research (Raldh3).
Plastic embedding and sectioning
Fixation, staining and embedding in Spurr's resin were performed as described (Soucy et al., 1998; Xu et al., 2004) . To eliminate wrinkles, 0.5-μm semi-thin sections were floated on a droplet of 1:2 ethanol:water on a glass slide before heat drying and staining with Toluidine Blue.
Cell-death and cell-proliferation assays
To detect cell death, tissue sections or whole-mount embryos were stained with an antibody against cleaved caspase 3 (1:300, Cell Signaling, 9661) as described above. To detect cell proliferation, pregnant female mice received a 50 μg/g body weight intraperitoneal (IP) injection of BrdU at 10.5 days post-coitum. One hour after the injection, embryos were harvested, fixed with 4% PFA and embedded in paraffin. Sections were dewaxed, rehydrated, treated in 2M HCl for 20 minutes, and subjected to double immunostaining with antibodies against cleaved caspase 3 and BrdU (1:100 rat anti-BrdU, Abcam, AB6326).
Sparse labeling of Fz5 cells in the retina
4-Hydroxytamoxifen was introduced by IP injection into Fz5
CKO-AP/+ ;R26-CreER mice at 5 μg/g body weight, and the retinas processed as described (Badea et al., 2003) .
Light-mediated damage
Light damage of the adult retina was performed as described (Rattner and Nathans, 2005) .
Production of anti-Sox2 antibody
A DNA fragment encoding the C-terminal 168 amino acids of Sox2 was inserted into pGEMEX and pMAL expression vectors in order to prepare fusion proteins for production of immunogen and for affinity purification of the resulting antibodies, respectively. Rabbit anti-Sox2 antibodies were affinity purified from immunoblotted filter strips as described (Xiang et al., 1995) .
RESULTS
Fz5 knock-in reporters reveal the pattern of expression of Fz5 in the developing and adult retina We recently described the production of two targeted alleles of the mouse Fz5 gene: one in which the Fz5 coding region has been replaced with a β-galactosidase coding region to create a constitutive knockout allele (Fz5 lacZ ); and a second in which a human placental alkaline phosphatase (AP) coding region has been inserted 3Ј of a loxP-flanked Fz5 coding region to create a conditional knockout allele (Fz5
CKO-AP
) (Liu et al., 2008 +/-to be representative of the wild type (WT). Strong and relatively selective expression of Fz5 in the developing mouse eye was noted in the initial description of the Fz5 gene by in situ hybridization (Wang et al., 1996) . By histochemical staining of embryos that are heterozygous for one of the reporter knock-in alleles described above (i.e. ;Sox2-Cre), we observed that Fz5 is specifically expressed in the developing eye field at E8.5, in the optic vesicle at E9.5, and in the optic cup and optic nerve at E12.5 ( Fig. 1A-D ). These observations are consistent with a recent in situ hybridization analysis of Fz5 expression in mouse embryos (Burns et al., 2008) . In the adult, XGal staining of Fz5 lacZ/+ retinas or AP staining of Fz5
CKO-AP/+
;Sox2-Cre retinas results in contiguous deposition of the histochemical reaction product throughout all retinal layers (data not shown), a pattern that does not permit an analysis of the cell type(s) in which Fz5 is expressed. To precisely define these cell types, we generated
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Fz5
CKO-AP/+
;R26-CreER mice and treated them with a low dose of 4-hydroxytamoxifen to inefficiently activate the ubiquitously expressed Cre recombinase, thus generating a sparse distribution of Fz5 AP/+ cells (Badea et al., 2003) . This analysis showed that in the adult retina, Fz5 is expressed in Müller glia and amacrine cells .
Progressive retinal degeneration in the adult Fz5
-/-eye To determine whether Fz5 plays a role in organizing the basic architecture of the retina, Fz5 +/-and Fz5 -/-retinas from mice at about postnatal day (P) 30 were immunostained for markers that are expressed in a variety of different retinal cell types, including calretinin (calbindin 2), Islet1 (Isl1), glutamic acid decarboxylase, tyrosine hydroxylase, synaptophysin, glutamine synthetase, and glial 3569 RESEARCH ARTICLE Role of frizzled 5 in ocular development -/-retina is likely to reflect an excess of astrocytes (see Fig. 9 ). DAPI staining (blue) in A-E shows the three nuclear layers.
DEVELOPMENT fibrillary acidic protein ( Fig. 2A-E) . In addition, Fz5 +/-and Fz5 -/-mice were subjected to 6 hours of bright light exposure with pupil dilation, a regimen that strongly induces glial fibrillary acidic protein (Gfap) expression in Müller glia in the WT retina (Fig. 2F) . In each of these analyses, we observed no difference between Fz5 -/-and WT retinas in the localization or abundance of molecular markers, retinal thickness, or in the number of DAPI-stained nuclei. Moreover, the optokinetic response to a visual stimulus, consisting of slowly moving black and white stripes, appeared normal in young adult Fz5 -/-mice (Cahill and Nathans, 2008 ) (data not shown). Thus, in early adulthood, the loss of Fz5 appears to have little effect on the overall structure of the retina or the response of Müller glia to retinal stress.
In contrast to the essentially normal appearance of Fz5 -/-retinas in young adult mice, Fz5 -/-retinas from mice that were more than 3-6 months old showed a variety of degenerative changes that progressively worsened with age. As shown in Fig. 3A ,B, the degeneration included cell loss in all three retinal layers and a nearly complete loss of photoreceptor outer segments. Retinal folding and detachment typically accompanied the degeneration, together with an influx of macrophages or macrophage-like cells into the subretinal space (Fig. 3C-F) . The retinal pigment epithelium remained grossly intact. At present, the molecular basis of this degenerative process is unknown but its pan-retinal character suggests that it arises from dysfunction of Müller glia.
Persistence of the fetal vasculature in the Fz5
-/-eye During fetal development, a rich vascular network develops within the vitreous and on the anterior and posterior surfaces of the developing lens (Goldberg, 1997) . These vessels are normally eliminated before eye opening, a process that increases the optical clarity of the eye. The adult Fz5 -/-vitreous differed from the WT in retaining a large vascular tree that enters the vitreous from the optic disc and ramifies and adheres to the posterior face of the lens (Fig.  4C-L) . This vascular structure was invested with large numbers of pigmented cells (Fig. 4F,H,K) , and its direct contiguity with the choroidal vasculature suggests that it is essentially an intra-ocular extension of the choroid (Fig. 4I-L) . The persistent intravitreal vasculature was also invested with cells that express smooth muscle actin (Fig. 4D) , suggesting that at least some of its component cells are of mesenchymal origin. Consistent with this idea, we observed an abnormally large number of cells between the lens and retina in the Fz5 -/-eye at E14.5 (Fig. 4A,B) , several days after periocular mesenchymal cells normally migrate through the ventral fissure and into the developing vitreous cavity. As described more fully below, the hypothesized increase in inward migration of periocular mesenchymal cells might be secondary to a delayed closure of the ventral fissure in the developing Fz5 -/-eye.
Developmental defects in the ventral Fz5
-/-eye and incomplete closure of the optic fissure Upon external examination of Fz5 -/-eyes, the most obvious ocular defects were microphthalmia and a tear-drop-shaped pupil due to a misshapen ventral iris border (Fig. 5E,F,I ,J). To investigate the developmental origin of these anomalies, eyes from littermate ;Sox2-Cre embryos were X-Galstained and examined before and after sectioning (Fig. 5A-H) . Microphthalmia was observed to begin as early as E10.5, and was accompanied by delayed and variable closure of the ventral fissure. The latter defect would be expected to retard development of the ventral zone of the iris and would account for the tear-drop-shaped pupil.
In the WT retina, the optic disc is both the only site towards which retinal ganglion cell axons are attracted and the only opening through which these axons pass out of the eye. In some Fz5 -/-eyes, in which the retina was cleaved along the entire length of the ventral fissure, there was misrouting of a subset of retinal ganglion cell axon
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Fig. 3. Late degeneration of the Fz5 -/-retina. (A,B) Semi-thin, plastic-embedded sections of (A) WT and (B) Fz5
-/-mouse retinas at ~6 months of age stained with Toluidine Blue. In the Fz5 -/-retina, there is a nearly complete loss of photoreceptor outer segments (OS), swelling of inner segments (IS), and cell and neuropil loss in the two plexiform and three nuclear layers (ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer). bundles, initially toward the ventral fissure and then secondarily toward the optic disc (Fig. 5K,L) . This misrouting suggests that a persistently open ventral fissure resembles the optic disc in attracting growing axons.
As noted in the Introduction, several transcription factors and signaling pathways have been implicated in the development of the ventral retina and optic fissure. To test the integrity of these pathways, we examined the expression of the following markers: Raldh3 and Vax2, both of which are expressed in, and control the development of, the ventral retina; Tbx5, which is expressed in the dorsal retina; Pax2, which is expressed in the retina immediately adjacent to the optic disc; and Sox2, which is expressed in, and controls the proliferation of, retinal progenitors. Compared with the eyes of age-matched littermate controls,
Fz5
-/-eyes showed lower levels of Raldh3, Vax2 and Tbx5 transcripts, and a broader zone of Pax2 expression (Fig. 6) . The pattern and intensity of Sox2 expression at E12.5 appeared essentially normal, although the entire Fz5 -/-eye was already smaller at this stage.
To further explore the developmental basis of microphthalmia and the optic fissure defect, cell proliferation and cell death were analyzed by labeling with BrdU and by immunostaining for activated caspase 3, respectively. At E10.5, when the smaller size of the Fz5 -/-eye is first apparent, the level of BrdU incorporation in Fz5 -/-eyes was indistinguishable from that of the WT control, but was accompanied by a greater number of cells and cell fragments containing activated caspase 3 (Fig. 7E,F) . The excess of activated caspase 3 was concentrated in the posterior/ventral eyecup, a region 3571 RESEARCH ARTICLE Role of frizzled 5 in ocular development 
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that normally has more cell death between E9 and E12 than other regions of the eyecup (Ozeki et al., 2000) . Taken together, these data suggest that Fz5 is required for the normal development and survival of early ocular progenitors in the ventral eyecup.
In the embryonic eye, Pax2 marks both the optic disc and the optic fissure (Otteson et al., 1998) . In eyes sectioned in the horizontal plane, a narrow line of Pax2 staining was seen along the ventral retina at E13.5 in both WT and Fz5 -/-embryos, with the only difference at this stage being a lateral expansion of the zone of Pax2 expression adjacent to the optic disc in the Fz5 -/-eye (Fig. 8B,D) . At E14.5, Pax2 expression in the ventral retina was extinguished in the WT eye, but persisted in the Fz5 -/-eye ( Fig.  8E-H ).
An excess of astrocyte precursors and mature astrocytes in Fz5
-/-eyes Unlike retinal neurons and Müller glia, astrocytes are generated outside the retina and enter the eye by migrating along the optic nerve (Watanabe and Raff, 1988) . In the late embryonic and early postnatal eye, Pax2-expressing astrocyte precursors are found both within the optic nerve and along the vitreal face of the retina (Otteson et al., 1998) . Beginning in the early postnatal period, retinal astrocytes differentiate, start to express Gfap, and serve as a scaffold on which the retinal vasculature develops. WT and Fz5 -/-retinas showed a similar distribution of Pax2-stained astrocyte precursors in the optic nerve at E14.5 (Fig. 8I-L) . However, in the Fz5 -/-eye at E16.5, the distribution of Pax2-stained cells near the optic nerve differed from that of the WT in that it extended along the adjacent ventral fissure region (Fig.  8M,N) . This suggests that additional astrocyte precursors might be able to invade the Fz5 -/-eye as a result of the delayed closure of the ventral fissure. Alternately, the Pax2-expressing cells that accumulate at the ventral fissure in the Fz5 -/-eye could represent retinal cells that have been inappropriately converted into astrocyte precursors. Consistent with this latter interpretation, in the P1 Fz5 -/-eye, there is a greater number and a more anterior distribution of astrocyte precursors relative to the WT control ( Fig. 8O,P) . Interestingly, the excess astrocytes persist in the early postnatal and adult Fz5 -/-retina, but have little or no effect on intraretinal vascular development (Fig. 9) .
DISCUSSION
In this paper, we have defined the ocular phenotypes associated with loss of Fz5 in the mouse. The early phenotypes, listed in their order of appearance, are: increased cell death in the ventral retina, delayed and/or incomplete closure of the ventral fissure, an excess of mesenchymal cells in the vitreous cavity, an excess of retinal astrocyte precursors and mature astrocytes, and persistence of the
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Development 135 (21) hyaloid vasculature in association with a large number of pigment cells. Despite these abnormalities and the resulting colobomatous and microphthalmic eye, the mature Fz5 -/-retina appears essentially normal in early adulthood. A second phenotype, which we suspect is mechanistically unrelated to early eye development, consists of a late-onset, progressive and full-thickness retinal degeneration by ~6 months of age. Below, we discuss these findings in the context of previous work on frizzled signaling, early retinal development and congenital human ocular anomalies.
Fz5 signaling and mammalian eye development
The early Fz5 -/-eye phenotype is similar to the phenotype seen in vitamin A-deprived rats and in Raldh3 -/-mice (Wilson et al., 1953; Dupé et al., 2003) . This similarity, together with the decreased expression of Raldh3 in the E10. (Barbieri et al., 2002; Mui et al., 2005) . Finally, we note that Fz5 could act, at least in part, by altering Bmp7 signaling, which has been implicated in optic fissure formation (Morcillo et al., 2006) , and/or by altering sonic hedgehog RESEARCH ARTICLE Role of frizzled 5 in ocular development -/-optic cup, many more cells and cell fragments in both the inner (future retina) and outer (future retinal pigment epithelium) layers contain activated caspase 3. Proliferation appears to be grossly normal in the Fz5 -/-optic cup.
DEVELOPMENT signaling, which has been implicated in optic disc and optic stalk development and in the proliferation of optic nerve astrocytes (Wallace and Raff, 1999; Dakubo et al., 2003) . Fz5 has also been implicated in early eye development in zebrafish and Xenopus (Cavodeassi et al., 2005; Van Raay et al., 2005) . Interestingly, our observations of normal levels of Sox2 expression in the embryonic Fz5 -/-retina and a normal density of Müller glia and of multiple neuronal cell types within the mature Fz5 -/-retina, differ from the results obtained in Xenopus by Van Raay et al. (Van Raay et al., 2005) . In Xenopus, Fz5 was proposed to function via Sox2 to promote the proliferation of retinal progenitors and their acquisition of neural rather than Müller glial cell fates. Although the major glia in the retina, Müller cells and astrocytes, have different origins -the former developing from retinal progenitors and the latter migrating into the retina from the optic disc -it is intriguing that the only major alterations in cell number in Fz5-deficient mouse and Xenopus eyes are, respectively, an increase in astrocytes and Müller glia. Taken together, these two sets of observations suggest that mammals and amphibians have evolved different pathways through which Fz5 signaling controls early eye development, and/or different degrees to which Fz5 signaling impinges on each of several common pathways.
The full-thickness retinal degeneration seen in Fz5 -/-mice is striking for its late onset, and is reminiscent of the late onset of the Fz5 -/-phenotype of progressive neuronal loss in the parafasicular nucleus of the thalamus (Liu et al., 2008) . In both the thalamus and retina, proliferation, migration and terminal differentiation of dysfunction or loss of Müller glia secondary to a requirement for ongoing Fz5 signaling, with neuronal loss beginning only after a threshold has been reached in Müller cell dysfunction.
Implications for human ocular malformation and retinal degeneration
In humans, ocular coloboma is a relatively common congenital malformation, with an incidence of ~1.4 per 10,000 births in Western Europe (Stoll et al., 1997; Morrison et al., 2002) . Coloboma is associated with over 20 Mendelian syndromes, as well as with various chromosomal anomalies and alterations at many unmapped loci (Gregory-Evans et al., 2004) . Among the siblings of affected individuals, the incidence of coloboma is ~100-fold higher than in the general population (Morrison et al., 2002) , and it is also more common among progeny of consanguineous unions (Hornby et al., 2003) . Additionally, vitamin A deficiency during gestation has been implicated as an environmental risk factor for coloboma (Seeliger et al., 1999; Hornby et al., 2002) , consistent with the effect of vitamin A deficiency in rats and with the phenotypes of mice with targeted disruptions in genes involved in retinoic acid signaling.
Microphthalmia has an incidence of ~1 per 10,000 births in the United States and Western Europe (Stoll et al., 1997; Källén et al., 1996; Källén and Tornqvist, 2005) , and alcohol exposure during gestation is a major environmental risk factor for microphthalmia, making microphthalmia one of the classic stigmata of fetal alcohol syndrome. As of June 2008, Online Mendelian Inheritance in Man (OMIM; http://www.ncbi.nlm.nih.gov/sites/entrez?db=omim) listed 82 entries for coloboma, 82 for microphthalmia, and 25 for both defects.
The incidence of PFV is unknown, although it has been described as one of the most common developmental anomalies in the human eye (Duke-Elder, 1964) . In the general population, small and generally innocuous remnants of the intraocular vasculature are often observed ophthalmoscopically on the posterior surface of the lens ('Mittendorf's dot') and on the optic disc ('Bergmeister's papilla') (Goldberg, 1997) .
Thus far, genes involved in Wnt/frizzled signaling have not been implicated in late retinal degeneration, coloboma or microphthalmia in humans, and Wnt/frizzled signaling has only been indirectly implicated in one subtype of PFV. In subjects with Norrie disease or with osteoporosis-pseudoglioma syndrome, the absence of Norrin (NDP)-mediated activation of FZ4 and its co-receptor, LRP5, blocks the development of the intraretinal vasculature, which indirectly inhibits the regression of the adjacent fetal vasculature in the vitreous (Berger and Ropers, 2001; Gong et al., 2001; Xu et al., 2004) . The present work strongly suggests that FZ5, as well as intracellular and extracellular components of Wnt signal transduction that are expressed in early eye development, are relevant to genetic or combined genetic/environmental susceptibilities to retinal degeneration, microphthalmia, coloboma and PFV in humans. RESEARCH ARTICLE Role of frizzled 5 in ocular development 
